Abstract. This paper presents the accuracy of finite element models of human tibia bones generated from CT-images used for analyzing stress distribution under loading. The effects of bone structures and material properties (isotropic and orthotropic materials) on stress distribution during stance phrase running were studied. Three-dimensional tibia models were constructed by using Mimics V.10.01, Geomagic V.10 and Catia V.5 software. Then these models were imported into the Hypermesh V.12 software to generate the FE models. Finally the FE models are imported to ANSYS (APDL) V.14.5 software to analysis the stress distribution in the tibia bones. By compared to the benchmark FE model of tibia bones (case studies 13 and 14) resembling to the real bone, we found that there were two sites of maximum von Mises stresses found on tibia bones which were on the middle of posterior tibia and the proximal tibia. However, FE models formed only by cortical bone could not capture the peak stresses on the proximal tibia due to the lack of relatively soft subsurface. The FE models with the medullary cavity formed by cortical bone over predicted the maximum von Mises stress on the middle of posterior tibia while ones with the medullary cavity formed by cancellous bone, bone marrow or bone marrow fat obtained quite similar results. The bone marrow fat in the medullary cavity could not assist to support load on the proximal tibia due to the relatively soft material. The maximum von Mises stresses obtained from FE models with cortical bone formed by orthotropic material were slightly different from ones formed by isotropic material. However, the difference of these FE results was directional cosines that indicated the direction of the crack initiation.
Introduction
Many researchers have focused the study on 3D modeling and mechanical properties of human tibia bones. Moreover several computational techniques were proposed on constructing finite element (FE) models of tibia bones for analyzing bone strength under various loading conditions. Tarnita et al. [1] studied CAD method to create the FE models of the tibia bone and also stresses on the tibia bone under various loads. The FE model was obtained from computed tomography (CT) images which consisted of the diaphysis formed by the compact bone having medullary cavity and both epiphyses formed by a cancellous bone covered by a thin layer of compact bone. Sepehri et al. [2] analyzed the effect of mechanical properties on stress induced in tibia. The FEM of the tibia bone had only cortical bone but not spongy bone. Taheri et al. [3] validated mechanical responses between the experiments on the human cadaveric tibia and the FE model based on the same tibia bone consisting of cortical and trabecular bones and anisotropic material properties. Ruchirabha, Puttapitukporn and Sasimontonkul [4] studied stress distribution in the tibia during stance phase running. The FE models of tibia bones consisted of cancellous bone covered by the thin layer of cortical bone. Aroonjarattham and Suvanjumrat [5] studied effect of mechanical axis on strain distribution after total knee replacement. The FE model of tibia bone consisted of the solid diaphysis formed by the compact bone and the distal and proximal ends formed by a spongy bone. Gonzalez-Carbonell et al. [6] studied 3D patient-specific model of the tibia from CT-images used to determine the torque needed to initialize the tibial torsion correction. The FE model of tibia consisted of cortical and trabecular bones and was modeled as an anisotropic material with non-homogeneous mechanical properties.
The objectives of this research are to determine the accuracy of FE models of human tibia bones obtained from CT-images which are commonly found in well-known papers and to determine effects of tibia structure and material properties (isotropic and orthotropic materials) on stress distribution in tibia bones during stance phrase running. The 3D tibia models are constructed by using Mimics V.10.01, Geomagic V.10, and Catia V.5 software. Then these models were imported into the Hypermesh software to generate the FE models. Finally the FE models are imported to ANSYS software to analysis the stress distribution in the tibia bones.
Materials and Methods

Simplified Model
The simplified tibia model consisting of two concentric cylinders was used to validate accuracy of the ANSYS software as shown in Fig. 1 . The outer hollow cylinder has 20 mm outer radius, 14 mm inner radius and 350 mm length. The inner solid cylinder has 4 mm radius and 350 mm length. The FE model was formed by 4-node tetrahedral elements having 148,958 elements on the outer cylinder and 118,753 elements on the inner cylinder. The loads were applied to the right end consisting of 5.5 kN compressive force and 0.35 kN shear force. The material properties of outer cylinder were Young's modulus of 14.87 GPa and Poisson's ratio of 0.296 and ones of inner cylinders were Young's modulus of 12 MPa and Possion's ratio of 0.4999. 
Tibia Bone Models
The tibia bone is a long bone which comprises of a diaphysis and two epiphyses on both ends [8, 9, 10] . The diaphysis is the midsection of the tibia bone made of cortical bone and the hollow middle of the bone, known as the medullary cavity, is filled with bone marrow. This type of bone marrow is the mostly yellow marrow [11, 12] which is mainly made of fat cells [13, 14] . Both of epiphyses are rounded extremities of the bone and made of cancellous bone.
The CT-images of the lower bodies of 64-year old female and 48-year old male were used to construct the 3D tibia models by using the Mimics V.10.01 software in order to erase irrelevant bones [15] and to create the tibia surfaces as shown in Fig. 2 . Then, those tibia surfaces were repaired unsmooth surfaces and created new smoother surfaces using the Geomagic V.10 software. Figure 3 shows the repaired surfaces of the tibia bones of the female and male respectively. After that, the Catia V.5 software was used to form the assembly modeling of diaphysis, two epiphyses and medullary cavity filled with bone marrow as shown in Fig. 4 . Finally, those models were exported as IGES files. 
Finite Element Models
The 3D tibia models were imported into the Hypermesh V.12 software to create FE models. Figure 5 shows the FE models formed by 4-node tetrahedral elements which the numbers of elements is tested to obtain accurate FE results. In this study there were totally fourteen different FE models to evaluate for the effective FE models to use for analyzing stresses in tibia bones during stance phrase running as shown in Table 1 . Next, we applied boundary conditions, mechanical properties of tibia bones and loads as shown in Tables 2-4 . Finally, the models were exporting into the ANSYS (APDL) V.14.5 software to analyze the FE results. 
Material Properties
The isotropic material properties of cortical bone [16] , cancellous bone [16] , bone marrow [17] and bone marrow fat [18] are provided in Table 2 . Table 3 provides the orthotropic material properties of cortical bones obtained from Jae-Young Rho [16] . 
Boundary Condition
During stance phrase running, Ruchirabha, Puttapitukporn and Sasimontonkul [4] showed that the FE models of tibia bones with combination of the contact area on the distal end specified by Wan et al. [19] and the contact area on the proximal end at 30 o knee flexion specified by Eisenhart-Rothe et al. [20] yielded highest maximum von Mises stress near the middle of the posterior tibia. In this study, the contact areas on the distal end during stance phrase running were modeled according to the study of Wan et al. [19] . Figure 6 illustrates that the contact areas are 224.31 mm 2 (41.07% of the articular surface) for female and 402.38 mm 2 (41.98% of the articular surface) for male. Thereafter, compressive and posterior shear forces estimated from average body weights [21] which were 58.58 kg female and 71.07 kg male [22] were applied to the FE models are provided in Table 4 . The fixed contact areas on the proximal end of tibia at 30 o knee flexion were modeled according to the study of Eisenhart-Rothe et al. [20] . Figure 7 shows that these fixed contact areas are 81.487 mm 2 for female and 76.474 mm 2 for male. For both female and male tibia bones, the centroids of the fixed contact areas were 3.2 mm below the centroid of the medial condyle and 2.2 mm above the centroid of the lateral condyle.
(a) (b) Fig. 6 . Contact areas on the distal end of tibias specified by Wan [19] : (a) female; (b) male. 
Results and Discussion
In the simplified model, the maximum von Mises stresses obtained from the ANSYS software and analytical solution [7] were 34.262 and 34.239 MPa respectively. This yielded an error less than 0.07%. Figure 8 shows the contour plot of von Mises stress on the simplified model. The volumes of FE models of tibia bones compared to ones of the 3D tibia constructed from the CT-images of case studies 4 and 10 are shown in Fig. 9 and Table 5 . To create the effective FE models of tibia bones (of case studies 1 and 7), 4-node linear and 10-node quadratic tetrahedral elements and number of elements were studied to validate accuracy of FE results. Figures 10 and 11 show the plot of maximum von Mises stress versus number of elements comparing the FE models with linear tetrahedral elements to ones with the quadratic tetrahedral elements for female and male tibias respectively. We found the convergence of these FE solutions and percent difference of these FE results was less than 4.5% when the numbers of elements were greater than 65,000 elements for female tibia and 90,000 elements for male tibia. Since it was too complicated to model the elaborate tibia structure by using the 10-node quadratic tetrahedral elements, in the later study, the tibias were modeled using 4-node linear tetrahedral elements in which the numbers of elements are provided in Table 6 .
In the benchmark models (case studies 13 and 14), the FE results showed that there were two sites of maximum von Mises stresses found on tibia bones which were on the middle of posterior tibia and the proximal tibia. Nonetheless, FE models formed by only cortical bone (case studies 1 and 7) could not capture the peak von Mises stresses on the proximal tibia. For case studies 1-6 (female tibia), the maximum von Mises stresses and percentage difference of maximum von Mises stress on the middle of posterior tibia compared to case study 6 (the most intricate structure of female tibia) are shown in Table 7 . The maximum von Mises stresses and percentage difference of maximum von Mises stress on the proximal tibia for case studies 2-6 compared to case study 6 are shown in Table 8 . For case studies 7-12 (male tibia), the maximum von Mises stresses and percentage difference of maximum von Mises stress on the middle of posterior tibia compared to case study 12 (the most intricate structure of male tibia) are shown in Tables 9. The maximum von Mises stresses and percentage difference of maximum von Mises stress on the proximal tibia for case studies 8-12 compared to case study 12 are shown in Table 10 . The FE results showed that the FE models with the medullary cavity formed by cortical bone over predicted the maximum von Mises stress on the middle of posterior tibia while ones with the medullary cavity formed by cancellous bone, bone marrow or bone marrow fat obtained quite similar results. The FE results comparing case study 4 to case study 6 and case study 9 to case study 12 showed that bone marrow fat in the medullary cavity could not assist to support load on the proximal tibia. The principle stresses and direction cosines of the principle stress σ3 at the site of maximum von Mises stress for case studies 1-12 on the middle of posterior tibia and the proximal tibia are shown in Tables 11 and 12 , respectively. The maximum von Mises stresses, principal stresses and direction cosine of σ3 at site of maximum von Mises stresses for case studies 13 and 14 on the middle of posterior tibia and the proximal tibia are shown in Tables 13 and 14 , respectively. Figure 12 shows the von Mises stress distributions on the tibia surfaces for case studies 1-12. Figure 13 shows the von Mises stress distributions on the tibia surfaces for case studies 13 and 14. The maximum von Mises stresses obtained from FE models with cortical bone formed by orthotropic material were slightly different from ones formed by isotropic material for both female and male tibias. However, the major difference of these FE results was directional cosines that indicated the direction of the crack initiation. 
Conclusion
The FE models of human tibia bones obtained from CT-images were created and effects of tibia structure and material properties (isotropic and orthotropic materials) on stress distribution in tibia bones during stance phrase running were studied. The 3D tibia models were constructed by using Mimics V.10.01, Geomagic V.10, and Catia V.5 software. The FE models were created in the Hypermesh V.12 software and the ANSYS V.14.5 software was used to analyze the stress distribution in the tibia bones during stance phrase of running.
The benchmark FE models of tibia bones resembling to the real bones were created. We found that there were two sites of maximum von Mises stresses found on tibia bones which were on the middle of posterior tibia and the proximal tibia. However, FE models formed only by cortical bone (case studies 1 and 7) could not capture the peak stresses on the proximal tibia due to the lack of relatively soft subsurface (cancellous bone). The maximum von Mises stresses near the middle of the posterior tibia of FE models with the medullary cavity formed by cortical bone had 6.98% (female) and 7.05% (male) higher than ones with the medullary cavity formed by cancellous bone. The bone marrow fat filled in the medullary cavity could not help to support load on the proximal tibia because bone marrow fat has much less Young's modulus than cortical bone. The maximum von Mises stresses of the FE models with the cortical bone formed by orthotropic material had 1.79% (female) and 2.29% (male) higher than ones formed by isotropic material properties. The maximum von Mises stress on the proximal tibia obtained from FE models with cortical bone formed by orthotropic material and ones formed by isotropic material had difference less than 1.42% and 1.77% for female and male tibia respectively. The main difference of FE models of cortical bone formed by different material properties was directional cosines that predicted the direction of the crack initiation.
